We show in this paper that the heat generated by the optical excitation of resonant plasmonic antennas and diffusing along a simple glass/air interface disturbs the electron transport of a nearby conductive element. By probing the temperature-dependent resistance of a gold nanowire R nw (T ), we quantitatively analyze the impact of a resonant absorption of the laser by the antennas. We find that the temperature rise at the nanowire induced by the laser absorption of a distant nanoparticle may exceed that of a direct illumination of the nanowire itself. We also find that a global temperature calibration underestimates the heat generated locally by the laser. The temperature deduced from resistance variations are verified by numerical simulations with a very satisfactory agreement.
I. INTRODUCTION
The optical interaction cross-sections of gold nanostructures play a central role for improving the emission characteristics of light-emitting devices [1] and are at the core of highlysensitive nanoscale biosensors [2] [3] [4] . This plasmonic technology is gaining ground in the development of novel optoelectronic components [5] [6] [7] and is now utilized to engineer thermal landscapes [8] [9] [10] [11] . For instance, heat resulting from the resonant absorption of an incident radiation at the plasmon frequency is exploited in photothermal cancer therapy [12, 13] and is applied to initiate local catalytic reactions [8, 11, 14] . A quantitative measurement of the local elevation of the temperature is typically obtained by measuring the subtle change of the refractive index of the surrounding medium [15] , the anisotropy of polarization of a fluorescent specie [16] or its temperature-dependent lifetime [17] . These measurements rely on a medium embedding the nanoheaters and an estimation of the temperature is restricted to a few hundred nanometers corresponding to the water or polymer shell surrounding the nanoparticle [18] [19] [20] . The temperature elevations inferred from these investigations suggest that the thermal relaxation to the substrate is a factor that should not be neglected [21] [22] [23] , in particular when operating plasmonic optoelectrical components. While bolometric and thermocouple measurements are used for temperature at the nanoscale [24, 25] , the heat generated by optical pumping of an electrically connected plasmonic device may disturb the flow of current by increasing the device's resistance [25] and is a source of undesired thermo-voltages [6, 26, 27] .
In this paper, we investigate the impact of a remote plasmon-induced heating on the electronic transport of a Au nanowire. By probing the change of resistance of the nanowire, we quantify the local temperature variation resulting from the optical absorption of distant Au nanodisks. We find that for a resonant photothermal excitation, the electron transport in the nanowire senses the heat produced by nanodisks displaced as far as 6 µm away. We also find that the temperature rise at the nanowire induced by the optical pumping of a remote nanoheater may exceed that of a direct illumination of the nanowire itself.
II. EXPERIMENTAL METHODS

A. Nanofabrication
The gold nanowires and nanodisks are fabricated by electron beam lithography on a standard glass coverslip. The nanowire has a nominal length of 10 µm and a width of 75 nm. The nanodisks are placed adjacent to the nanowire with varying diameters ranging from 90 nm to 410 nm. The structures are constituted of a 5 nm thick Cr adhesion layer and a 60 nm thick layer of Au, which are both deposited by thermal evaporation. The nanowire is electrically connected to a set of macroscopic Au electrodes produced by standard photolithography and thermal deposition. Figure 1 (a) shows a scanning electron micrograph of a typical sample used in this work. It consists on four macroscopic electrodes connecting the nanowire and used to measure its resistance in a 4-probe configuration. The nanowire and the nearby nanodisks are readily seen at the center of the image. Figure 1(b) is a close-up image of the nanodisks. At the bottom of the nanowire, we design nanodisks with increasing diameters from left to right whereas at the top of the nanowire, the same set of diameters is randomly ordered. The center-to-center distance between the nanowire and the nanoparticle is constant at 1 µm and the interparticle edge separation is 500 nm to avoid short-range mutual coupling. The nanodisks are placed over a restricted distance of 5 µm with respect to the center of the nanowire to mitigate the influence of the large contact electrodes on the local temperature perceived by the nanowire.
B. Electrical measurements
We use the following procedure to measure the electrical properties of the Au nanowire. A function generator (Française d'instrumentation) produces an AC voltage applied across the nanowire with an amplitude V AC = 20 mV and a frequency F = 12.6 kHz. This frequency is used as an external reference for a lock-in amplifier (UHFLI, Zurich Instrument). A currentto-voltage converter (DLPCA-200, Femto GmbH) detects the current flowing through the device, and the voltage output is sent to the lock-in amplifier as shown in Fig. 2 . The output of the lock-in provides a voltage signal proportional to the amplitude of the modulated current oscillating at F . The differential resistance of the nanowire R nw is then estimated by normalizing V AC by the lock-in signal. We perform a 4-probe measurement [28] [29] [30] to 
with this procedure, we estimate the resistance of the nanowire R nw = R L 24 corresponding to the central portion of the nanowire without the contact contributions using the relation [29] :
tween processed samples. Otherwise noted, the nanowire considered in the following has a resistance R nw = 175 Ω, which corresponds to a metal resistivity for the evaporated layers of ρ = R nw × L nw /S = 6.5 µΩ cm where S is the section of the nanowire. This value is consistent with the gold's resistivity reported from mesoscopic structures [31] .
During the optical measurements discussed below, the bias V AC is applied across the contacts labeled 1 and 3 in a 2-probe configuration. The differential resistance R estimated from the output of the lock-in-amplifier is then equal to the sum of the resistance of the two unknown electrical contacts R [32, 33] . The nonlinear signal is detected by an avalanche photodiode (Excelitas). The luminescence is used for imaging and analysis purposes. The average laser intensity at the sample is 420 kW cm −2 and the polarization of the focused laser beam is linearly polarized perpendicularly to the nanowire in order to homogenize the response along the object. We verified that the conclusions described below do not depend on the use of a pulsed laser. Leaving aside the nonlinear activity, similar results were consistently obtained for a constant-wave laser of the same power and emitting at 785 nm. The nonlinear optical response (two-photon luminescence) is detected by an avalanche photodiode.
The influence of the optical excitation on the electronic transport of the nanowire is recorded by a current-to-voltage converter feeding a lock-in amplifier. The lock-in amplifier is synced to the frequency of the AC bias applied to the nanowire by the function generator.
Upon local illumination, the absorbed energy is converted to heat. For the irradiated nanodisks, the heat transported through the substrate may reach the nanowire. The amount of heat perceived by the distant nanowire induces a drop of the electronic transport, which depends linearly on the nanowire temperature [34] . The differential resistance and the nonlinear signal emitted by the structures are recorded for each sample position in the focus of the laser to form the images depicted in Fig. 3 . In Fig. 3 (a) a positive variation of the resistance of the nanowire is clearly observed when the metal structures are optically excited.
The contrast is constant when the nanowire is directly excited by the laser with a modest increase of the resistance. However, when the nanodisks are scanned through the focus, the variation of the nanowire's resistance ∆R nw becomes dependent on the diameter of the nanodisks. Variations of ∆R nw up to 1.4 % are recorded for the ∼210 nm nanodisks as indicated by the arrows. These nanodisks are the elements circled in Fig. 1 . For nearly all diameters, the variation of the nanowire's resistance is larger when the laser irradiates the isolated nanodisks than for a direct illumination of the nanowire itself. Heat transferred during the optical excitation of nanodisks depends directly on their absorbing capacity, which is enhanced at the surface plasmon resonance. The occurrence of the resonance is readily identified in the nonlinear two-photon luminescence produced by the nanodisks [33, 35] . as illustrated in the confocal map of Fig. 3(b) . The strongest response is observed for the 210 nm nanodisk (arrows). The red curve in Fig. 4 (a) shows the nonlinear photoluminescence dependence with the size of the nanodisks obtained from three different samples. At the laser wavelength used in this study, the ∼ 210 nm nanodisk sustains a marked resonance. The largest ∆R nw in Figure 3 (a) is also observed for this diameter.
The resonance is numerically confirmed by the evolution of the simulated scattering absorption cross-section σ a of a nanodisk as a function of its diameter. The absorption cross-section of the Au structures writes:
σ a (ω) is defined for an incident monochromatic plane wave of frequency ω as the ratio of the absorbed power
by the incident flux
Here ε denotes the electric permittivity of the absorber of volume V , E is the local electric field and 0 and µ 0 are the vacuum permittivity and permeability, respectively. The absorption cross-sections of the nanodisks and of the nanowire are calculated by solving Maxwell's equations with a finite-element method combined to an analytical description of the field scattered at the interface of the substrate [36] . The absorption cross-section is represented by the blue curve in Fig. 4 (b) after a normalization by the surface of the absorbers. The presence of the glass substrate is taken into account in the calculations. The simulation clearly indicates an enhanced absorption efficiency for a particle diameter ∼200 nm. The red curve in Fig. 4 (b) is the calculated absorption efficiency for a nanowire with varying widths. The structure is assumed invariant along the nanowire axis and the calculation is performed for a linear polarization aligned with the short axis. For the experimental width considered here (75 nm), σ a is ∼ 5 times weaker than for a resonant nanodisk (blue curve) and explains the dimmer contrast observed for a direct illumination of the nanowire in Fig. 3(a) despite the fact that the nanodisks are laterally shifted by 1 µm. These consistent results confirm the unambiguous role of the surface plasmon resonance at generating an absorption enhancement and the subsequent rise of the temperature-dependent resistance of the nanowire [25] .
Interestingly, the variation of the resistance follows a different trend than the nonlinear photoluminescence as illustrated by the blue curve in Fig. 4(a) . ∆R nw increases to reach a maximum at 3.5 Ω for ∼220 nm nanodisks and then reduces to reach a plateau at 2 Ω for diameter larger than 350 nm. This diameter corresponds to the approximate size of the focal spot. The evolution of ∆R nw is thus the convolution of a profile related to the plasmon resonance with a size dependence related to the saturation of the optical absorption for nanodisks larger than the focal spot. We verified numerically that mutual interactions between nanodisks can be neglected with the interparticle distance considered in this work. Figure 5 describes the evolution of the optical absorption σ a of an excited nanodisk in the presence of a second gold nanodisk placed at a distance d from the first, and that for two crossed polarizations. The dashed line is the edge-to-edge distance used in the experiment. Interestingly, the calculations predict that the absorption of a nanodisk can be enhanced or reduced by adjusting either of the three parameters. However, for the case considered here the optical absorption and therefore all related phenomena, such as the temperature dissipated in the substrate, are not disturbed by the presence of other nanodisks.
D. Temperature calibration
On order to estimate the rise of the nanowire's temperature, we calibrate the temperaturedependent resistance of the nanowire R nw (T ) by placing the sample on a controlled heating module in the line with the reports by Herzog and co-workers [25] and Stolz et al [6] . To estimate the local temperature of the heat source we equalize the resistance variation due to an homogeneous heating with a rise of temperature ∆T global nw using the Peltier module and the resistance change by a local heating with a temperature ∆T local nw (x). x is the coordinate along the nanowire length L nw . For a temperature-dependent resistivity ρ(T ) this equality writes
From the linear relationship between R nw and T global nw depicted in Fig. 6(a to satisfy the equality. In Fig. 6 (b), we set ∆T local,max nw = 7.2 K to have identical areas under the two curves. For the same change of resistance the maximum temperature reached by the nanowire ∆T local,max nw is thus three times higher for a diffraction-limited local heat source than for a global heating of the system. This approach is valid for a local heating of the nanowire, but would fail at describing a situation where a local rise of the temperature would be compensated by a local cooling of the system. In this particular case, R nw would remain unchanged.
This approach is applied to estimate the temperature distribution along the nanowire for a laser excitation of the gold nanodisks. Under this configuration heat must diffuse through the substrate to impact the nanowire's resistance. An example of the procedure is shown in Fig. 7(a) for the resonant disk identified in the ∆R nw map of Fig. 3(a) . The curve is simulated using the following steps. We first determine the experimental value of ∆R nw of the nanowire when the nanodisk is irradiated. For the example considered here ∆R nw = 2.8 Ω. Using the global temperature coefficient dR nw /dT global = 0.41 Ω K −1 , we estimate what would be the necessary global temperature required to increase the resistance by 2.8 Ω, that is ∆T global = 6.9 K. This hypothetical temperature is homogeneously distributed along the nanowire (dashed curve in Fig. 7(a) ). To take into account the local illumination of the nanodisk by the focused laser beam, we compute the two-dimensional distribution of the temperature in the system considering a heated nanodisk (see inset in Fig. 7(a) ). A profile of the temperature distributed along the nanowire is illustrated by the red curve in Fig. 7(a) .
We then adjust the temperature of the heat source in the finite-element simulation of the system to obtain equal surface integrals between the temperature profiles perceived by the nanowire. For a temperature rise of the nanodisk of 108 K, the surfaces behind the two curves in Fig. 7 (a) are identical and the maximum temperature rise at the nanowire is about ∆T local,max nw = 13 K. Conducting this analysis for the range of diameters considered in this study, we show in Fig. 7 (b) that ∆T local,max nw remains significant even for optically pumped nanodisks laterally shifted by 1 µm.
In the following, we estimate the rise of the temperature in the nanowire purely from a simulation stand point. The objective is to verify the reliability of the temperature variations deduced from the approach exposed above. To do so, the problem is solved by a finiteelement analysis of the combined physical processes at play. The temperature of the nanodisk is no longer derived from the variation of the nanowire's resistance. It is directly computed Fig. 7(b) ). Furthermore, the full calculation reproduces the plateau observed for large diameters in Fig. 7(b) . These similarities demonstrate the consistency of the resistance analysis used to deduce the local elevation of the temperature ∆T 
III. LONG RANGE HEAT TRANSFER
Thus far we considered illuminated nanodisks laterally displaced by 1 µm from the nanowire and estimated a 13 K rise of the local temperature when resonant nanodisks are illuminated. In the following we investigate the distance dependence of the heat transfer via the glass substrate.
In this experiment, we place resonant nanodisks at distances from the nanowire ranging from 800 nm to 6 µm. The study is conducted on a nanowire with a resistance R nw =
138 Ω and we maintain constant the optical conditions. Figure 9 (a) is a two-dimensional distribution of the resistance R nw when the sample is laterally scanned through the focus.
We observe the same contrast as in Fig. 3(a) with an increase of the nanowire's resistance when the Au structures are heated by the laser. We plot in the left axis of Fig. 9 (b) the variation of the resistance ∆R nw as a function of the lateral displacement of the nanodisks.
The heat generated by the laser incident on a nanodisk remotely placed as far as 6 µm and diffusing through the glass substrate imparts a measurable rise of the nanowire resistance. The exponential fit to the data provides a decaying diffusion with a characteristic length of 1.7 µm.
Following the procedure described above, we calculate the maximum temperature variation ∆T local,max nw via the calibration coefficient dR nw /dT global determined by a global heating ( Fig. 6(a) ) and the spatial distribution of temperature determined by the finite-element analysis ( Fig. 6(a) ). The maximum temperature ∆T local,max nw is plotted in the right axis of Fig. 9(b) . At a distance of 800 nm from the nanowire, the excitation of a resonant structure rises the nanowire's temperature by about 14 K. For the same nanodisk placed at 6 µm, We have investigated the effect of a remote resonant plasmonic photothermal excitation on the electronic transport of a Au nanowire. Upon focusing light on isolated Au nanodisks, the heat locally produced diffuses through the substrate and induces a change of the nanowire's resistance. We estimate the temperature rise at the nanowire by taking into account the local nature of the excitation, the experimental data and finite-element calculations. We estimate a local temperature rise at the nanowire of 13 K for a laser intensity of 420 kW cm
focused on a resonant plasmonic nanoparticle located 1 µm away from the nanowire. The photothermal excitation of an electrically contacted metal nanowire resting on the glass surface is usually considered negligible. While the macroscopic electrodes connected to the nanowire act as heat sinks and the physical contact to the substrate contributes to an efficient cooling of the nanowire by thermal conduction [37] , we determine a maximum temperature significantly exceeding the average temperature inferred from a global calibration of the temperature-dependent resistivity of the nanowire [5, 6, 25] . Interestingly, we demonstrate that the rise of temperature for a direct optical excitation of the nanowire is weaker than for a laterally displaced isolated resonant nanoparticle. The thermal diffusion through the glass substrate follows an exponential decay of about 2 µm, and illuminated nanodisks located as far as 6 µm generate a temperature variation of 2 K at the nanowire. While all the experiments are conducted in the steady-state regime, the protocol can be readily extended to a time-dependent thermoplasmonic modulation of the electronic transport of the nanowire.
To conclude, we demonstrate that relatively simple electrical measurement can be implemented to remotely probe the plasmon-induced photothermal activity of an illuminated device. By extension, measuring the resistance variations of a network of such heat probes may enable a diffusion-based thermal tomography of a local heat source. We believe that thermal diffusion through the substrate may be mitigated or conversely enhanced by a careful control of the electromagnetic interaction between an ensemble of nanoparticles. In line with this concluding remark, a phononic engineering [38] of the substrate's local thermal conductivity would also offer a leverage to control the directional flow of the heat produced by the resonant absorption.
